The analysis of the genome sequence of Yersinia mollaretii (Y. mollaretii) ATCC 43969 indicates 2 the presence of the bla YEM gene coding for YEM-1, a putative subclass B2 metallo-β-lactamase. The 3 objectives of our work were to produce, purify and complete the kinetic characterization of Compared to the known subclass B2 metallo−β-lactamases, YEM-1 displayed a narrowest substrate 5 profile since it is only able to hydrolyse imipenem with a high catalytic efficiency but not all the 6 other carbapenems tested such as biapenem, meropenem, doripenem and ertapenem. A possible 7 explanation of this peculiar activity profile is the presence of tyrosine 67 (loop L1), threonine 156 8 (loop L2) and serine 236 (loop L3) respectively. We showed that the substitution of Y67 broadened 9 the activity profile of the enzyme for all carbapenems but still displayed a poor activity toward the 10 other β-lactam classes. The genus Yersinia belonging to the family of Enterobacteriaceae shows three mains groups of 31 human pathogen strains, Yersinia pestis (Y. pestis), Yersinia pseudotuberculosis (Y. pseudo-32 tuberculosis) and Yersinia enterolitica (Y. enterocolitica). Y. pestis, the bacterial agent of bubonic 33 plague, escapes the macrophages action and is the cause of a lethal bacteremia without antibiotic 34 treatments (1). A new threat is the emergence of a multidrug resistant Y. pestis strain (2). Y. 35 pseudotubercolis and Y. enterocolitica are important cause of gastroenteritis in human following the 36 ingestion of undercooked or contaminated pork and vegetables (3-4). Others Yersinia species like Y. 37 fredricksenii, Y. kristensenii, Y. intermedia, Y. mollaretii, Y. bercovieri and Y. rohdei are considered 38 as not pathogen for human (5-6). Our interest was focused on Y. mollaretii. This specie, previously 39 known as Y. enterocolitica-like organism biogroup A, was renamed Yersinia mollaretii and 40 assigned in the new biogroup 3A by Wauters et al (7). The majority of those strains were isolated 41 from environmental sources such as soil, drinking water, raw vegetables, and meat but few were 42 clinical isolates from patient stools affected by gastrointestinal disease. It was demonstrated that it 43 can colonize the low level of the human ileum but the absence of human virulence markers 44 classified this strain as non-pathogenic and saprophyte (8). The sequence genome of the reference 45 strain Y. mollaretii ATCC 43969 (numbered as CCUG26331, CDC2465-87, CIP103324 and 46 DSM18520 in other biobanks) was determined (NCBI Reference Sequence: 47 NZ_AALD02000006.1). Its analysis indicated the presence of two β-lactamase genes, namely blaB 48 coding for an AmpC-like enzyme and one coding for a putative sub-class B2 metallo β-lactamase 49 called YEM-1 (YErsinia Metallo-β-lactamase -GenBank: EEQ11779.1). It is interesting to note the 50 absence of the blaA gene encoding for an Extented Spectrum class A β-Lactamase found in other 51 Yersinia species (9-12). This observation is in good agreement with the phenotypic studies showing 52 that Y. mollaretii displayed a resistant pattern to amoxillin and an intermediate pattern of 53 susceptibility to amoxicillin/clavulanic acid and cefoxitin (13). These studies demonstrated a clear 54 relationship between the expression of BlaA and BlaB by Yersinia strains and their antibiotic 55 3
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The bla YEM gene (747 bp) was amplified by PCR using the Y. mollaretii ATCC 43969 genomic 83 DNA as template. After the verification of the correct nucleotidic sequence of the amplimer, the 84 gene was sub-cloned in pET26b for enzyme expression. The bla YEM contains 15 rare codons that 85 could affect the expression of the enzyme in Escherichia coli (E. coli). Therefore, we decided to use 86 the E. coli Rosetta TM (DE3) strain as host to be able to improve the protein production yield. A large 87 quantity of protein was produce as cytoplasmic inclusion bodies when the cultures were grown at Yersinia massiliensis strains. A clustalW aligment of these enzymes showed a minimal identity 98 value of 90% ( Figure 2 ). We noted that Y67 and S236 are strictly conserved in all the YEM-like 99 sequences. We made the hypothesis that the only significant difference between the Y. mollaretii, Y. 100 intermedia and Y. massiliensis is the presence of F156. YEM-1 hydrolysed carbapenems but we 101 could not detect any hydrolytic activities toward penicillins or cephalosporins. These preliminary 102 data confirmed that YEM-1 belongs to the subclass B2 MBLs. Therefore, we were only able to 103 calculate the steady state kinetic parameters against a representative set of carbapenem antibiotics 104 (Table 1) . Compared to CphA, YEM-1 efficiently hydrolysed only imipenem. For the others 105 carbapenems, we noted a large decrease of the k cat value and a major increase of K m . All these data 106 confirmed that YEM-1 possesses a narrow activity spectrum. For example, its catalytic efficiencies 107 5 against doripenem and biapenem are 100 and 430 fold lower compared to imipenem (Table 1) . We 108 can conclude that YEM-1 is an imipenemase. We expected that, as observed for the other members 109 of the subclass B2 MBL, the activity of YEM-1 is maximal for the mono-zinc form. We showed 110 that its activity is affected by the presence of increasing concentration of Zn 2+ , Co 2+ and Cd 2+
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( Figure 3 A-C). Interestingly, YEM-1 displayed a lower affinity (apparent K d = 360 µM) for the 112 Zn2 compared to CphA (K d = 46 µM) and its residual activity in presence of 4mM Zn 2+ is equal to 113 40 % of its activity at 1 µM Zn 2+ . In the case of Co 2+ and Cd 2+ ions, we observed a complete 114 inactivation of the wild-type and mutant enzymes at 1 mM metal ion concentration. This 115 phenomenon may be due to the substitution of Zn1 and /or the binding of three metal ions. The 116 production and purification of five YEM-1mutants (three single mutants Y67V, T156F, S236F, the 117 double mutant T156F-S236F and the triple mutant Y67V-T156F-S236F) were realised in the same 118 conditions defined for the wild-type enzyme. The kinetic results confirm that, together, all the 119 mutations do not favour the broadening of the activity profile of YEM against other β-lactam 120 classes neither its apparent affinity for the binding of the second zinc ion ( Table 1 ). The 121 substitution of Y67V yielded a global increase of the catalytic efficiency to carbapenems, with the 122 exception of imipenem. It is interesting to note that the mutant YEM-1Y67V has an activity profile 123 similar to CphA. For ertapenem and meropenem, the values of Km are lower than that of the YEM- were not modified. It is to be noted that all the catalytic efficiency of the two mutants decreases 127 compared to the WT enzyme. The characterization of triple mutant Y67V T156F S236F mutant 128 highlighted that the presence of a valine residue in position 67 is essential to favour a broader 129 activity profile toward carbapenems (Table 1) . With the exception for doripenem, the results 130 showed that the mutation Y67V provides at a better activity towards the carbapenems. For T156F, 131 S236F and the double mutant T156F-S236F, we noted that the mutations affected the K m values and 132 6 by consequence, the catalytic efficiency of the mutants compared to YEM-1 with the exception of 133 imipenem. 134 Finally, all the enzymes tested were inhibited in the presence of zinc ion. The apparent Kd values 135 for the binding of the second zinc are comparable between the WT and the mutants ( Table 1 ). The 136 mutations did not affect the influence of metal ions on the activity of YEM-1 nor their binding of 137 Co 2+ and Cd 2+ .
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The YEM-1 model obtained with Yasara is very similar to the structure of CphA used as template In the case of YEM-1, we showed that the presence of Y67 reduced its activity towards the other 172 tested carbapenems. Its substitution to valine increased the YEM-1 activity to the levels observed 173 for the other sub-class B2 MBLs. Like CphA, YEM-1 is inhibited in presence of Zn 2+ ions.
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Nevertheless, the apparent dissociation constant for zinc is higher for YEM-1 compared to CphA. 175 This result indicates that YEM-1 displayed its maximum of activity in the mono-zinc form and that the two sides of the active site in the vicinity of the second Zn 2+ binding site (Figure 3 A) . We can 184 also conclude that the Y. intermedia and Y. massiliensis MBLs display a lower catalytic efficiency 185 compared to YEM-1. 186 We also noted that the YEM-1 is still active at high zinc ion concentrations. It could be interesting 187 to determine the X-ray structure of the di-zinc enzyme in order to identify the structural 188 determinants that favour the activity of the di zinc MBL.
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In conclusion, Y. mollaretii produces two β-lactamases potentially able to exhibit a resistance 229 In order to replace the codon for Tyr into the codon for Val in position 67, the oligonucleotides 230 Y67V_fwd and Y67_rev were synthesised (Table S1 ). The sequences of the oligonucleotides 231 designed to generate the T156F (T156F_fwd and T156F_rev) and S236F (S236F_fwd and S236F 232 _rev) mutants are shown in Table S1 . The pET26b-bla YEM was used as template for the 233 mutagenesis and the amplification conditions were: incubation at 98°C for 30 sec and 30 cycles of 234 amplification (denaturation at 98°C for 10 sec, annealing at 55°C for 5 min, and extension at 72°C 235 for 30 sec). After amplification, the PCR fragments were digested by the DpnI restriction enzyme in 236 order to eliminate the template's DNA. The double and triple mutants T156FS236F and 
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